Summary Spontaneous mammary tumours of the rat with various degrees of malignancy exhibit similar tissue pH distributions. The mean pH (±s.d.) of dysplasia is 7.05+0.20. In benign tumours the mean pH is 6.95 + 0.19 and in malignant tumours it is 6.94 + 0.19. In contrast, tumours with the same degree of malignancy but different histologies show different pH distributions. Benign tumours with a higher percentage of fibrous tissue exhibit less acidic pH values than those with larger portions of epithelial cells (ApH = 0.38 pH units). The pH distribution in the benign tumours is independent of the tumour wet weight up to stages of very advanced growth. In the malignant tumours, a trend towards more acidic pH values is observed as the tumour mass enlarges. However, in tissue areas within a malignant tumour with gross, long-established necrosis the pH distribution is shifted towards more alkaline pH values. The pH distributions in spontaneous rat tumours are not significantly different from those obtained in isotransplanted Yoshida sarcomas (6.87+0.21). In the Yoshida sarcomas, mean pH values do not correlate with tumour size. However, a pH gradient from the rim to the centre of the tumours is found which coincides with the development of small, disseminated necroses in the tumour centre. It is concluded that pathology-related variations of tumour pH may be more important than the mode of tumour origin or the degree of malignancy.
In contrast to normal tissues, in most malignant tumours, an inadequate and non-uniform microcirculation develops with tumour growth (for a review see Vaupel et al., 1981) . Concomitantly, typical alterations in the metabolic micromilieu occur characterized by hypoxia (and eventually anoxia), a general deprivation of nutrients and energy sources, and an insufficient removal of metabolic waste products, predominantly lactic acid. Thus, tissue acidosis is a typical feature of the metabolic micromilieu of numerous human and murine tumours WikeHooley et al., 1985) . Low tumour pH values can influence the efficacy of various non-surgical tumour therapies, such as irradiation, chemotherapy and hyperthermia (for a review see Wike-Hooley et al., 1984) . Therefore, the existence of pathology-related pH variations, for example due to differing histologies or due to varying degrees of malignancy, might be of practical importance. Since conclusive data are not available so far, dysplasias, benign and malignant tumours in the rat are investigated to reveal possible pH differences. Furthermore, this investigation is aimed to clarify whether spontaneous and isotransplanted tumours exhibit different pH distributions. This is important since most of the pH data available have been obtained from isotransplanted murine tumours.
Materials and methods
Animals and tumours Spontaneous tumours (n=27), that grew along the milk line of Sprague-Dawley rats were used throughout the experiments. Tumour-bearing animals (both sexes; 225-640 g), obtained from the breeding colonies of Hoechst AG (Frankfurt/M., FRG), from the Department for Animal Experimentation, University of Frankfurt (Frankfurt/M., FRG) and from the Department of Applied Physiology, University of Mainz (Mainz, FRG) were submitted to the study. Furthermore, pH distributions were measured in isotransplanted Yoshida sarcomas (n = 30). The sarcomas grew s.c. in the hind foot dorsum of SD-rats of both sexes (180-560g) (Thistlethwaite et al., 1985) . A macro-calomel-electrode served as a reference (type 303, Ingold, Frankfurt/M., FRG). The pH probe was mounted on a micromanipulator (type MM5m with control device STM 3, Maerzhaeuser, Wetzlar, FRG), and the reference electrode was fixed with a standard laboratory stand. The electrodes were connected to a two-channel voltmeter (type 619, Keithley Instruments, Cleveland, Ohio, USA) and the potential difference was recorded on a standard chart recorder (type LS 23, Linseis GmbH, Selb, FRG). Before and after each tissue track, the electrodes were calibrated in 3 different buffer solutions, thermostatized at 34°C (pH 4.02, 6.84, and 9.08, Schott, Hofheim, FRG) . This temperature corresponded to the mean temperature of the tissues investigated as measured in a separate series. The electrodes were routinely cleaned overnight in a 5% protease solution (P-4630, Type I, Sigma Chemicals, St. Louis, MO, USA).
In different buffer solutions, the electrodes reached the 95% value in < 1 min. The electrode drift was less than 0.02 pH units h-1, the calibration reproducibility after use in tissue usually was within 0.04 pH units of the initial value. The electrode signal was linear within a pH range of 4 to 10. The sensitivity was ca. 58 mV/pH unit at 34°C (theoretical Nernst's potential: 60 mV/pH unit at 34°C). In tissue, it usually took <15min for the signal to reach a stable level after the insertion of the electrode (Figure lb) Bork et al. (1975) . Blood loss due to sampling was adequately replaced with fresh donor blood. The rectal temperature was kept at 37°C by placing the animal on a heating pad.
After careful removal of the overlying skin and subcutaneous tissue, the pH electrode was inserted into the tumour tissue to an initial depth of 250-500 gm. The reference electrode was placed into the subcutis nearby. The insertion sites were moisturized with 0.9% NaCl-solution (T=340C).
In the spontaneous tumours, the electrodes were placed randomly. The number of pH measurements per tumour as well as the diameters along the three major axes are given in Table I Four out of the 27 spontaneous rat tumours were classified as dysplasias (Table I ). The mean pH value in these dysplasias was 7.05 + 0.20, i.e., lower than that of the normal tissues. No necrosis was found in the dysplasias. In most dysplasias, heavy ectasia of ducts was seen leading to swelling, multiple cysts and transformation of the mammary gland into a spongy mass. Here, very few vessels were found trailing in the connective tissue which supported the grossly dilated ducts. In the case of the adenosis, an increase in the size, complexity and number of the mammary lobules was noted. In some areas, only a few vessels were observed within the stroma surrounding lobules up to 1.5 mm in diameter. In other areas, many vessels filled with erythrocytes were present with a mean intervascular distance around I 00 gm.
In 18 benign rat mammary tumours investigated (see Table I ), the mean tissue pH value was 6.95 + 0.19 (Figure 2 Figure Sa) . From the results obtained (Figure 5b ) it is obvious that pH values between 7.15 and 7.30 were found in necrotic tissue, the pH in vital areas ranging between 6.63 and 7.08. However, the mean pH value even of necrotic tumour areas is still lower than that of the arterial blood.
In the isotransplanted Yoshida sarcomas, the mean pH value was 6.87+0.21 (Figure 2) Tumor wet weight (g) Figure 4 Mean pH values (± s.d.) of malignant rat tumours with different wet weights. The broken line indicates the trend. Figure 6 ), in the intermediate layer (4-7mm) 6.84+0.16 (central panel in Figure 6 ), and in central portions of the tumours 6.78+0.18 (lower panel in Figure 6 ). In the spontaneous tumours, no such pattern was found probably due to a random positioning of the electrodes. However, it has to be mentioned that in the Yoshida sarcomas as well as in the other tumours marked inter-and intra-tumour pH variations have been obtained (Figure 7) . (Gullino, 1975; Vaupel & Hammersen, 1983 ) the value obtained is determined, to a large extent, by the interstitial pH value. The amount of tissue damage due to the measurement should increase at larger tip diameters leading tc Tissue pH value Figure 6 Frequency distributions of pH values measured in the outer layers (0.5-3.5mm, a), in intermediate zones (4-7mm, b) and in central areas (7.5-10.5 Wike-Hooley et al., 1984) . To the best of our knowledge, no systematic studies were performed so far correlating measured pH values with the size of the electrode tips. Thus, it has to be concluded that very fine tip diameters are necessary for the detailed investigation of pH distributions in tumour microareas whereas reasonable estimates of tumour tissue pH can be obtained with larger electrode sizes. The interior of tumour cells is generally found to be electronegative as compared to the extracellular space. The transmembrane potential varies between -9 and -57 mV with most values found in the range of -10 to -25mV (Bernhardt & Pauly, 1967; Borle & Loveday, 1968; Hause et al., 1970; Timmermann & von Buttlar, 1978; Walliser & Redmann, 1978; Redmann, 1981; Acker et al., 1983; Gstrein et al., 1987) . Since the possibility of proper intracellular pH measurements can be ruled out due to the electrode size, the membrane potential of tumour cells is unlikely to influence significantly the pH values measured in the present study. Biological electropotentials vary widely. In general, tumour tissue is about 10 to 15 mV more electronegative than normal tissue (Schauble & Habal, 1970) . In order to minimize a possible influence of different electropotentials between normal and tumour tissue the reference electrode was always inserted into the same place with respect to the measuring electrodes (-3cm apart).
Another common source of error in pH measurements is the use of a porous ceramic type of liquid junction in the reference half-cell which can produce substantial liquid junction potentials varying with the ionic composition of the solution under test (Illingworth, 1981) . This was tested using buffers with different ionic composition. It was found that the error introduced by this way in our system is about 0.02 pH units/10-fold salt concentration difference between As an approach to rule out this possible artifact buffers with physiological ionic strength were used.
Results
Spontaneous mammary tumours of rats resemble human breast tumours in thqir hormone sensitivity and their histology (Young & Hallowes, 1973) . In these rat tumours, pH distributions can be measured, whereas in patient tumours ethical and practical reasons permit at the best only a few pH determinations which may not be adequate considering the pronounced intra-tumour pH variations reported previously . Thus spontaneous mammary tumours of the rat may be used as a first approach to evaluate possible variations of the pH distributions related to varying degrees of malignancy. To the best of our knowledge, comparative pH studies similar to those presented here have not been performed before. This may partly be due to the low incidence rate or the long latency period of spontaneous tumours (for a review see Young & Hallowes, 1973) . In the only other study comparing pH values of malignant and benign lesions of patients done by Meyer et al. (1948) , severe artifacts cannot be excluded since the pH determinations were made in excised tissues, i.e., ex vivo. The results obtained in the present study were compared with those found in isotransplanted Yoshida sarcomas. The Yoshida sarcoma was previously used for pH measurements as well as for susceptibility studies to anticancer drugs and hyperthermia (Dickson & Suzangar, 1974; Dickson & Ellis, 1976; Schmaehl, 1981; Dickson & Calderwood, 1979 .
The pH values obtained in skeletal muscle and in the skin of rats are within the range of values reported earlier (range: 7.20-7.59; Voegtlin et al., 1935; Tagashira et al., 1953; Eden et al., 1955; Kahler & Moore, 1962; Gullino et al., 1965; Rauen et al., 1968; Gebert & Friedman, 1973; Dickson & Calderwood, 1979 van den Berg et al., 1982; Hinsull et al., 1984; Jain et al., 1984) . Since mean pH values in the skeletal muscle of rats higher than those of the arterial blood were reported (Voegtlin et al., 1935; Kahler & Moore, 1962; Rauen et al., 1968; van den Berg et al., 1982) , comparative measurements were performed, in which the techniques used for pH measurements by van den Berg et al. (1982) and our group were applied to the same animal. In contrast to the values by van den Berg et al. (1982) and in agreement with the values reported here, the mean pH value in the rat subcutis was found to be 7.35 with our electrode and 7.28 using the Philips electrode employed by the Rotterdam Radio-Therapeutic Institute (Wike-Hooley et al., 1985) . Possible reasons for elevated pH values in normal tissues include temperature differences between calibration vessel and tissue and CO2 losses from the tissues during the measurement.
Compared to the values in normal tissues, the pH distributions in the tumours investigated are generally shifted to more acidic values. This finding is in good agreement with data measured in rat tumours with various methods including glass and antimony electrodes, collection of interstitial fluid, 31phosphorus magnetic resonance spectroscopy and distribution of weak acids and bases (range of mean pH: 6.59-7.25; Voegtlin et al., 1935; Kahler & Robertson, 1943; Tagashira et al., 1953 Tagashira et al., , 1954 Eden et al., 1955; Scheid & Kunze, 1962; Kahler & Moore, 1962; Gullino et al., 1965; Rauen et al., 1968; von Ardenne & Reitnauer, 1976 , 1979 Dickson & Calderwood, 1979; Song et al., 1980; Mueller-Klieser et al., 1981; Busse et al., 1981; van den Berg et al., 1982; Dickson & Calderwood, 1983; Hinsull et al., 1984; Jain et al., 1984; Koeze et al., 1984; Arnold et al., 1985; Osinsky et al., 1987) .
In the present study, the pH values in dysplasias, benign and malignant rat tumours were not significantly different. However, on further analysis, the various histological types -have to be considered separately. In the case of the dysplasias, the ductectasias showed considerably higher pH values than the adenosis investigated, i.e., the tumour with the higher percentage of epithelial tissue is more acidic. Furthermore, the ductectasias consist mainly of distended ducts filled vith protein-rich material with a high buffering capacity which may well prevent any pronounced pH drop.
Considering the benign tumours, the majority have both fibrous and epithelial portions (compound tumours and fibroadenomas). Here again, tumours with a larger portion of epithelial cells have more acidic pH values than those with a higher content of fibrous tissue. It may be speculated that the former tumours may have a higher glycolytic rate and thus may exhibit more acidic pH values. Another possibility would be that a higher proliferation rate of these tumours would lead to a high interstitial pressure followed by vascular compression. Unfortunately, no data are available on the growth rate of these tumours. However, in a study on various isotransplanted rat tumours no dependency of the mean tumour pH and the overall growth rate was found (Eden et al., 1955) .
In the malignant tumours, the pH shift to more acidic values is most probably due to an impaired microcirculation with severe restrictions of convective and diffusive transport in combination with a high glycolytic rate of the tumour tissue both in the presence and absence of oxygen. The reduction of blood flow per unit mass found for many rodent tumours (Vaupel, 1974; Gullino, 1975) leads to a restricted oxygen supply and thus to the development of hypoxic and anoxic areas in malignant tumours . Since the diffusion distance for glucose seems to be larger than that for 02 in tumour tissue (Kallinowski & Vaupel, 1986) , hypoxic tumour cells can still cleave glucose to lactic acid for energy production, thus causing tumour acidosis. In recent years, evidence has come from tissue cultures that under in vitro conditions lactic acid is derived from glutamine rather than from glucose (for a review see Eigenbrodt et al., 1985) . However, since oxygen is essential for the reoxidation of reduced coenzymes and reduced cytochromes necessary for the breakdown of glutamine to lactic acid, only well oxygenated cells can convert glutamine to lactic acid (Kallinowski et al., 1987) .
The pH distributions in spontaneous rat tumours were not significantly different from those found in isotransplanted tumours of the rat. This finding is in agreement with the results of Kahler & Robertson (1943) , who investigated spontaneous and isotransplanted hepatomas. Thus, considering all the evidence available so far, it has to be concluded, that pH values 0.2 to 0.6 pH units lower than those of normal tissues at the site of growth are usually found in rat tumours regardless of the mode of origin or the degree of malignancy.
Many tumours exhibit a 'peripheral' blood supply with an increasing rarefaction of the vasculature going from outer to inner tumour regions (Scheid, 1961; Mueller-Klieser et al., 1980) . This explains the finding that, as a rule, a mean pH gradient from the outer layers to more central areas has been found in the Yoshida sarcomas as well as in other tumours Dickson & Calderwood, 1983; Koeze et al., 1984; Rhee et al., 1984 Thistlethwaite et al., 1985; Rhee et al., 1985) . A similar trend was observed in the spontaneous malignant rat tumours. A continuous monitoring of tumour pH during growth shows, however, that initially a pH drop occurs in small tumours, followed by a pH increase at advanced growth stages (Hinsull et al., 1984) . These controversial results may be explained by the fact that with increasing tumour size, the impaired tumour blood flow leads to severe restrictions not only of the oxygen supply but also of the glucose delivery (Gullino et al., 1967; Vaupel, 1974) . Additionally, regressive changes and necroses may develop as tumours increase in size. During the development of necrosis, hydrolysis of ATP occurs resulting in a pronounced pH drop (Hochachka & Mommsen, 1983) . Such a mechanism could also be responsible for the pH drop from the outer rim to the centre of the Yoshida sarcomas since small, disseminated necroses were more frequent in the centre than in the rim of these tumours. Within the necrotic areas, glycolysis and CO2 production cease and proton-binding structures are exposed alleviating the acidosis of the tissue in longstanding necrosis .
The tumour vasculature determines, to a large extent, the nutritive tumour blood flow. From the evidence available so far, it has to be concluded that the vascular morphology may be characteristic but not unique for a specific tumour. Furthermore, the histological type of a tumour and the degree of malignancy certainly modulate and may even dictate the vascular pattern (for reviews see Peterson, 1979; Vaupel & Gabbert, 1986) . Variations of tumour vasculature with subsequent differences of the tumour micromilieu (hypoxia, acidosis) are therapeutically highly relevant both in experimental rodent and spontaneous human tumours (Cole et al.,. 1983; Revesz & Siracka, 1984) . Thus, pathologyrelated changes of the tumour micromilieu need to be further evaluated.
